In reality, it is a common phenomenon to perform nanoindentation test while the indenter is not perpendicular to the sample, which would cause the properties such as hardness and elastic modulus of sample to be somehow different from the true values. In this paper, the effects of indenter tilt on the results of nanoindentation were studied by finite element analysis (FEA) simulation. The results were compared with indenter perpendicularly penetrating into a flat surface. Conclusions show that when the tilt indenter penetrates into specimen, the projected contact area varies widely. The tilt indentation could significantly influence the tendency of the force-displacement curves, and could also affect the hardness and elastic modulus of the specimen that obtained from the results. Finally, a simple method is given to correct the values of projected area, hardness and elastic modulus once tilt indentation happens.
Introduction
Nanoindentation is one of the most effective ways to investigate mechanical properties and damage mechanisms of materials in nanoscale, such as Young's modulus and hardness, 14) etc. During nanoindentation tests, there are many factors that may affect the results, such as indenter geometry, surface roughness of the sample, and tip rounding of the indenter. The effects of surface roughness of sample, the radius of indenter and influences of contact geometry have been studied in several papers. 16) Fundamental nanoindentation test relations for indenters of non-ideal shapes were also investigated. 7, 8) During nanoindentation, the nonperpendicularity between the indenter and the sample may affect the test results. So it is necessary to clarify the influences of the indenter tilt on the nanoindentation results. Recently, Xu et al. have studied the effects of sample tilt on conical nanoindentation test results. 9) They found that sample tilt resulted in the increase of the indentation load, contact area and contact stiffness at the same penetration depth. Kashani et al. have discussed the effects of sample tilt on the results of conical and Berkovich nanoindentation, 10, 11) the results showed that the projected contact area was underestimated by the Oliver and Pharr method, while the hardness and elastic modulus were overestimated. 12, 13) Ellis et al. have investigated the first and second orders uncertainty contributors in depth-sensing hardness measurements. They studied three typical styli: standard Berkovich, modified Berkovich, and Vickers geometries. 14) In their work, the effects of indenter tilt on material properties such as hardness and elastic modulus of specimen were not detailedly studied.
In this paper, effects of Berkovich indenter tilt on the results of nanoindentation were systematically studied from both theoretical and FEA points, and several representative tilt cases were listed in very intuitive terms. Different tilt angles and tilt orientations were applied to the indenter while the sample was held still. The effects on materials properties of specimen were discussed and the results were compared with indenter perpendicularly penetrating into the flat surface of the sample. A simple method was given to correct the values of projected area, hardness and elastic modulus once tilt indentation happened.
Geometrical Point of View
Before FEA simulations, it is necessary to discuss the tilt orientations and angles of the indenter penetrating into the untilted sample. Figure 1 shows the geometry of Berkovich indenter. 15) A Cartesian coordinate system is defined with the Z-axis coinciding with the penetrating direction of the indenter and one edge of the indenter lying in the ZX plane. Holding the original point (O) still, the indenter has several tilt cases. Due to the origin XY plane is parallel to the sample surface, the case that indenter tilts around Z-axis could be neglected. So in all, three cases were studied below, namely indenter tilted around X, Y axes and both of them.
Projected contact area around X-axis
The models of indentation with tilt and untilted indenters are shown in Fig. 2 . In Fig. 2(b) , the indenter tilts around X-axis, and £ is assumed to be the tilt angle. The clockwise direction around X-axis is set to be the positive direction. Figure 3 is the case that the indenter tilts around X-axis. The projected contact area (shaded area in Fig. 3 ) A proj £ can be written as:
Where
In the functions, h is the indentation depth, and £ is the tilt angle around X-axis. The percent error of projected contact area is calculated as: Figure 4 shows another tilt case that the indenter tilts around the Y-axis. The clockwise direction around Y-axis is set to be the positive direction. As shown in Fig. 4 , the projected contact area (shaded area in Fig. 4 ) A proj ¤ can be written as:
Projected contact area around Y-axis
Where ¤ is the tilt angle around Y-axis.
Percent errors for tilt angles £ and ¤ are shown in Fig. 5 . From Fig. 5 , it is can be clearly seen that when the indenter tilts around X-axis, the errors increase with tilt angles. The conclusions agree well with the research of Kashani et al. 10, 11) But when indenter tilts around Y-axis, the curve is unsymmetrical by 0°which is different from that of X-axis, and this mainly due to the unsymmetry of the indenter by YOZ-plane. What's more, it's worth taking a moment to flag the fact that when ¤ equals to 01.5°, the projected contact area is smaller than untilted indentation, but percent errors are within 1%. Figure 6 shows the third case that the indenter tilts around both X-axis and Y-axis. From Fig. 6 , the projected contact area (shaded area in Fig. 6 ) A proj ¤£ can be written as: Effects of Indenter Tilt on Nanoindentation Results of Fused Silica: an Investigation by Finite Element Analysis Figure 7 is the percent errors of projected contact area with indenter tilting around both X-axis and Y-axis. Conclusions can be drawn from the curves that a small tilt between the indenter and specimen can cause a considerable disparity of the area in contrast with untilted indentation, which agree well with the previous work of Ellis et al. 14) So in order to obtain reliable data from the indentation test, namely the percent errors of projected area are less than 2%, the absolute values of tilt angle should be within 1°.
Projected area around X and Y axes
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FEA Simulation Point of View

Simulation model
To investigate the effects of Berkovich indenter tilt on the results of nanoindentation, FEA simulations were carried out using the finite element software ABAQUS. 16) Compared with the sample, the hardness of diamond Berkovich indenter is very large, so the indenter was treated as a rigid body here. The tip of the indenter was perfectly sharp, but it was not a problem because the element size of the meshed specimen at the tip was very small compared with the contact area at maximum penetration depth.
The indenter was applied with displacement boundary conditions to accomplish the loading and unloading steps. The model for nanoindentation was shown in Fig. 8 . The radius of the hexagon inscribed circle sample was 3 µm and the height was 3 µm. The reason to build the sample shape as Fig. 8 was to let the projection edges of the indenter parallel to the grids of the meshed specimen, respectively, which would improve the quality of the simulation results. To study the effects of tilt indenter, the indenter was set to tilt around X and Y axes with angles of 0, 3 and 5 degrees, respectively. Fully 4-node linear tetrahedron (C3D4) element type was applied to the indenter, and the specimen was meshed with fully reduced integration elements (C3D8R element type). Wholly 6 degrees of freedom of the specimen bottom surface were frozen. The indenter had only one degree of freedom, namely it could only move along the Zaxis, and the maximum penetration depth was 100 nm. No friction was considered between the indenter and the contact surface. Very fine mesh was applied in and near the contact region to achieve accurate simulation results.
The simulation chose fused silica as the sample and it was treated as a homogenous and isotropic amorphous material and its mechanical properties had no orientation dependence. An elasticplastic Von Mises solid with isotropic hardening was applied to the material of the specimen. The stressstrain form is described as follows:
Where · y is the yield stress and n is the strain hardening exponent. E is elastic modulus of the sample. The elastic and plastic properties of fused silica are given in Table 1 . Figure 9 is Von Mises stress distributions at maximum indentation depth. As shown in at maximum indentation depth agree well with the theoretical analysis results mentioned above. And besides, it can be clearly seen that the sides of the similar triangle projected contact area at maximum indentation depth change with the tilt degree of indenter. Under the simulation conditions given above, the simulated tilt angles of the indenter cause the increase of the projected contact area. Different from traditional hardness results, in nanoindentation the hardness and elastic modulus are defined and calculated using the following equations:
17)
Simulation results
In eqs. (10) and (11), P max is the maximum indentation load, A c is the projected contact area under the peak indentation depth. h c is the contact depth used to calculated the real contact area and is determined by Sneddon's equation, 18) and ¾ is a geometry constant and equals to 0.75 for a Berkovich indenter. 15) S is the contact stiffness by fitting the unloading force-displacement curves. 12, 13) E r is the reduced modulus, ¢ is a correction factor that depends on the indenter geometry and Poisson's ratio of material and equals to 1.072 given by Hay et al. 19) And E i , E s ,¯i and¯s are the elastic modulus and Poisson's ratios of the indenter and specimen, respectively. If there is no tilt between the indenter and specimen, then A c can be written as: Figure 10 shows the force-displacement curves of indentation with different tilt angles of indenter compared with untilted indentation and percent errors of the projected contact area accordingly. It can be clearly seen that the loads at the maximum indentation depth of tilt indentation are higher than that of untilted indentation. For example, when the tilt angle £ and ¤ both equal to 5°, the indentation force of tilt indentation is about 17.6% higher than untilted indentation. Therefore, tilt indentation could significantly affect 
(g) Fig. 9 Von Mises stress distribution at maximum indentation depth in MPa with and without tilt of indenter: the values and tendency of the force-displacement curves. And finally, the curves would cause inaccuracy of specimen's hardness and elastic modulus via the Oliver and Pharr (O&P) and Sneddon's methods. 18 ) Figure 11 shows the percent errors of elastic modulus and hardness for Berkovich indenters of different tilt angles compared with untilted indentation. Among these curves, Hardness_H1 and Elastic modulus_E1 were calculated using eqs. (8), (10), (11), (12) and (13), respectively, while Hardness_H2 and Elastic modulus_E2 were calculated using eqs. (10), (11) , (12) , (13) and (14), respectively. It can be seen from the results that when neglect the changes of the projected contact area, the calculated hardness and elastic modulus results would be inaccurate seriously. For example, when the tilt angle £ and ¤ both equal to 5°, the Hardness_H2 and Elastic modulus_E2 obtained are about 17.8 and 13.4% higher than the untilted results. So in order to get accurate results from indentation test, it is essential to guarantee the perpendicularity between the indenter and the specimen surface or find a simple method to correct the results.
During nanoindentation test, if tilt phenomenon happens, after unloading, the residual outlines are visible and could be measured using AFM, SEM and so on. So the side lengths of residual triangle or proportions between the lengths could be estimated, then the degrees and orientations of tilt between indenter and specimen surface could be known approximately. Figure 9 (g) is the indentation outline at maximum indentation depth, but after unloading, the shapes of the residual triangle are similar. b ¤£ , c ¤£ , d ¤£ are assumed to be the side lengths of residual triangle after unloading. According to Fig. 6 (Figs. 5, 7, 11 ).
Conclusions
During nanoindentation test, it is difficult to ensure the absolutely perpendicularity between the indenter and the specimen's surface. So the effects of indenter tilt on indentation results of fused silica were discussed using theoretical analysis and FEA methods. Conclusions are drawn as follow:
(1) Theoretical analysis results show that at the maximum indentation depth, the effects of indenter tilt on the projected contact area are significantly, when the indenter tilts both around axes X and Y with angles of 5°, the projected contact area is about 25% higher than untilted indentation. (2) From the force-displacement curves obtained from FEA simulations, it is known that at the same maximum depth, the loads of tilt indentation are higher than untilted indentation, especially when £ and ¤ both equal to 5°, the load is about 20% higher, which cause inaccuracy of the hardness and elastic modulus results. (3) When the tilt angle £ and ¤ both equal to 5°, the Hardness_H2 and Elastic modulus_E2 obtained are about 17.8 and 13.4% higher than the untilted results, while the Hardness_H1 and Elastic modulus_E1 are not so obvious. (4) Once tilt phenomenon happens, the residual outlines are visible and could be measured using FAM, SEM and so on. Then the tilt degrees and orientations could be known approximately, and we could correct values of projected area, hardness and elastic modulus according to the percent errors of them that discussed above (Figs. 5, 7, 11). 
